3 He experiments as a model of primordial baryogenesis. 
a process analogous to baryogenesis within cosmic strings.
To explain the creation of matter in the early universe we begin by recalling the relationship E 2 = m states are full and all the positive energy states are empty. A real particle is then created as shown in Fig. 1 (a) by excitation of a particle from the "Dirac sea" of negative energy states to a positive energy state. Such processes however create matter and antimatter in equal amounts since the appearance of a hole in the negative energy states is interpreted as the simultaneous creation of an antiparticle.
The net creation of matter in the form of baryons such as protons and neutrons requires processes in which antiparticles are not simultaneously created and thus baryon number is not conserved. In the standard model the baryon number is classically conserved but can be violated by quantum mechanical effects known generically as "chiral anomalies". The process leading to matter creation is called "spectral flow" and can be pictured as a process in which particles flow from negative energies to positive energies under the influence of an external force. In this way real observable positive energy particles can appear without simultaneous creation of antiparticles. Fig. 1(b) illustrates a simple example of spectral flow occuring for massless particles with electric charge q (in units of the charge of the electron) moving in a magnetic field. The application of an electric field E leads to the production of particles from the vacuum at the ratė
per unit volume; factors of (e/h) have been absorbed in the definition of the electric and magnetic fields. This is an anomaly equation for the production of particles from the vacuum of the type found by Adler [10] and by Bell and Jackiw [11] in the context of neutral pion decay. We see that for particle creation it is necessary to have an asymmetric branch of the dispersion relation E(p) which crosses the axis from negative to positive energy. We call such a branch a zero mode branch; a spectrum of this type was first found for vortex core excitations in a superconductor [12] .
Similar zero mode branches exist on a cosmic electroweak string (also known as a Zstring), which is a structure of the Higgs field that may have been produced during the electroweak phase transition. The Higgs field gives the particles mass outside the string core. This field vanishes on the string axis and the fermions (quarks and leptons) living in the core of the string behave like massless one-dimensional particles. Spectral flow on a Z-string leading to production of baryons from the vacuum with conservation of electric charge is illustrated in Fig. 1(c) . Motion of the string across a background electromagnetic field [13] or the de-linking of two linked loops [14, 15] provides a mechanism for cosmological baryogenesis [16] and could lead to the presence of antimatter in cosmic rays [17] .
We should point out that baryon number violation is only one ingredient in a cosmological baryogenesis scenario. The other ingredients are that the system has to be out of thermal equilibrium, and charge (C) and charge-parity conjugation (CP) symmetries should be violated; these conditions are known as the "Sakharov conditions" for cosmological baryogenesis [18] . In condensed matter the analogous symmetry breaking is provided by rotation (for 3 He) or a magnetic field (for superconductors), and disequilibrium is provided by the motion of vortex lines. We shall see that excitation momentum is the analogue of baryon number.
The superfluidity of 3 He is due to the formation of bound pairs of 3 He atoms known as and superconductors which, like baryonic charge in the standard model, is not conserved due to the anomaly, is excitation momentum. Spectral flow along the zero mode branch leads to an additional "lift" force on a moving vortex ( Fig. 2(b) , the analogue of Fig. 1(c) ).
This is most easily seen for the doubly quantized continuous vortex (winding number N = 2) in the A-phase of superfluid 3 He, which is the closest analogue of a Z-string. The
Cooper pairs in 3 He-A have angular momentumh and locally all the pairs have this angular momentum aligned along a directionl. The N = 2 vortex is characterized by a continuous distribution of the order parameter vectorl as shown in Fig. 2(c) . The time and space dependentl vector associated with the motion of the vortex produces a force on the excitations equivalent to that of an "electric field" E = k F ∂ tl and a "magnetic field" B = k F ∇ ×l acting on particles of unit charge, where k F = p F /h and p F is the Fermi momentum. Equation (1) can then be applied to calculate the rate at which left-handed quasiparticles and right-handed quasiholes are created by spectral flow. Since both types of excitation have momentum p Fl , excitation momentum is created at a rate
However, total linear momentum must be conserved. Therefore Eq. (2) means that, in the presence of a time-dependent texture, momentum is transferred from the superfluid ground state (analogue of vacuum) to the heat bath of excitations forming the normal component (analogue of matter).
Integration of the anomalous momentum transfer in Eq.(2) over the cross-section of the moving vortex gives the loss of linear momentum and thus the additional force per unit length acting on the vortex due to spectral flow:
Hereẑ is the direction of the vortex,
2 , v L is the velocity of the vortex line, v n is the heat bath velocity, and N is the winding number of the vortex.
The insets to Fig. 3(a) show how the force on a vortex is measured experimentally.
A uniform array of vortices is produced by rotating the whole cryostat, and oscillatory superflow perpendicular to the rotation axis is produced by a vibrating diaphragm, while the normal fluid (thermal excitations) is clamped by viscosity. The velocity v L of the vortex array is determined by the overall balance of forces acting on the vortices, conventionally written as [19, 20] For the A-phase the spectral flow force in Eq. (3) combines with the Iordanskii force [19] to give d ⊥ ≈ (C 0 −n n )/n s , where n n (T ) = n−n s (T ) is the density of the normal component, with n the total density. Since C 0 ≈ n, one has d ⊥ ≈ 1. Our 3 He-A experiments made at 29.3bar and T > 0.82T c are consistent with this within experimental uncertainty: we find
Any Fermi superfluid becomes similar to the A-phase in the vicinity of the vortex core.
However, in 3 He-B the spacinghω 0 between bound states on the anomalous branch in Fig. 2(a) becomes larger than the lifetime broadeninghτ −1 at low T [19] . There should thus be a transition from full spectral flow as T → T c to totally suppressed spectral flow as T → 0, a further aspect of the theory which can be tested experimentally. The interpolation formula as a function of the relaxation parameter ω 0 τ and the spectral flow parameter C 0 ≈ n [19, 22] can be written in the form
where j = √ −1 and the α parameters are what are directly measured experimentally [20] .
The experimental results are compared with Eq. (5) in Fig. 3 . The agreement is excellent in view of the approximations in the theory.
Our results thus show that the chiral anomaly is relevant for the interaction of condensed matter vortices (analogue of strings) with fermionic excitations (analogue of quarks and leptons); this gives a firmer footing to chiral anomaly calculations for baryogenesis on non-trivial backgrounds of the Higgs field such as cosmic strings. Superfluid 3 He is the most complex field theoretic system available in the laboratory, and is therefore the closest experimental analogue of the field theoretic foundations of the physics of the early universe.
It is characteristic of non-linear theories that experiment often reveals qualitatively new phenomena that would be hard to find by contemplation of the equations alone. We may therefore hope that imaginative experiments on superfluid 3 He will generate new ideas in cosmology. it crosses zero only in one direction. If we now apply an electric field E along z, particles are pushed from negative to positive energy levels according to the equation of motioṅ p z = qE, and the whole Dirac sea moves up, creating particles and electric charge from the vacuum. This motion of the particles along the "anomalous" branch of the spectrum is called spectral flow. The rate of particle production is proportional to the density of states at the Landau level, which is ∝ q|B|, so that the rate of production of particles from the vacuum is ∝ q 2 E · B. 
